Diastolic dysfunction may result in elevation of left ventricular (LV) and atrial pressures, resulting in left atrial (LA) remodelling. We examined the effects of LV diastolic dysfunction on LA volume and function.
Introduction
Left ventricular (LV) diastolic dysfunction is increasingly recognized as an important cause of heart failure, providing prognostic information that is incremental to systolic function. 1 Worsening diastolic function is associated with elevated LV end-diastolic pressure, dyspnea and reduced effort tolerance. 2 -4 It is also an independent predictor of atrial fibrillation. 5 Recent studies
showed that advanced diastolic dysfunction is strongly associated with increased mortality. 6 -7 The left atrium (LA) is a reservoir for the LV during systole, a conduit [for blood to flow from pulmonary veins (PVs) to the LV] during early diastole and an active contractile chamber in late diastole. It contributes up to 30% of LV output. 8 During diastole, the LA is directly exposed to LV pressure that increases with worsening LV diastolic dysfunction. Consequently, LA pressure increases in order to maintain adequate LV filling. 9 This results in increased LA wall tension and dilatation of the LA. Previous study has shown a strong association of LA volume with LV diastolic function grade. 10 However, to date, no study has examined the changes of LA volume, active and passive LA emptying volumes in patients with LV diastolic dysfunction. The objective of this study was to examine the impact of LV diastolic dysfunction on LA volume and function.
Methods
We studied 83 patients (25 normal and 58 with LV diastolic dysfunction) who were referred for clinically indicated twodimensional transthoracic echocardiogram (TTE). Only patients with normal LV systolic function (ejection fraction .50%) were included. Patients with arrhythmia, valvular heart disease, congenital heart disease, or permanent pacemaker implantation were excluded. Normal controls were defined as patients without clinical evidence of cardiac disease and had normal TTE. Clinical data were obtained through a comprehensive review of patient's medical records. Patient's height, weight, heart rate, and blood pressure were recorded on the day of echocardiogram.
Standard transthoracic echocardiogram
Complete M-mode, two-dimensional and Doppler echocardiogram was performed by experienced sonographers according to a standardized protocol using two commercially available instruments (Agilent/Philips Sonos 5500, Andover, Massachusetts, and Sequoia C256, Siemens, Mt. View, California, USA). LV end-diastolic and endsystolic volumes were determined using the biplane Simpson method of disks. Ejection fraction was measured by quantitative 2D method (biplane Simpson method of disks).
11

Assessment of diastolic function
Mitral inflow was assessed from the apical 4-chamber view with pulsed wave Doppler by placing a 1 -2 mm sample volume between the tips of the mitral leaflets during diastole. From the mitral inflow profile, the E-and A-wave velocity, E-deceleration time (DT), A-wave duration, and E/A velocity ratio were measured. Pulmonary venous velocities were obtained from the same window with the sample volume placed 1 cm into the right upper PV. The flow velocities were recorded, the ratio of systolic to diastolic flow (S/D ratio) was calculated and duration of atrial reversal flow was measured. Doppler tissue imaging was used to measure E 0 and A 0 velocities by placing a 1 -2 mm sample volume in the septal and lateral mitral annulus.
LV diastolic function was determined using standard echocardiographic parameters including E/A velocity ratio, E-DT, PV atrial reversal velocity and duration, PV S/D ratio, and mitral E/E 0 ratio. Diastolic function is graded as normal, abnormal relaxation (Grade I), pseudonormal (Grade II), and restrictive (Grade III) as described previously. 2, 12 
Assessment of LA volumes and mechanical function
Digitally stored images were measured offline using the Enconcert (Agilent/Philips, Andover, MA, USA) measuring station. LA volume was measured using three LA dimensions (LAD) as described previously: 13 LA volume ¼ p/6 (LAD 1 Â LAD 2 Â LAD 3 ) where LAD 1 ¼ LAD by M-mode, LAD 2 , and LAD 3 are measurements of short-axis and long-axis LAD in the apical four chamber view, respectively ( Figure 1) . LA volume was measured at three time points as previously described 14 ( Figure 2 
Statistical methods
SPSS release 11.0 statistical package was used for data analysis. All values were expressed as mean + SD. Correlation between indexed LA Vol max and LV diastolic function grade was measured using the Spearman correlation coefficient. Receiver operating characteristic curve was used to determine the sensitivity and specificity of indexed LA Vol max in diagnosing LV diastolic dysfunction. Differences in corrected LA emptying volumes between groups were compared using ANOVA with post-hoc analysis (Bonferroni).
Results
The study population consisted of 83 adult patients (46% men), mean age 62 + 13 (range, 26-90 years) who were referred for clinically Figure 1 Three left atrial dimension measurements were taken. D1 was measured using M-mode. D2 and D3 are measurements of short-axis and long-axis LA dimensions in the apical four-chamber view.
Impact of left ventricular diastolic dysfunction indicated two-dimensional echocardiogram. They were referred because of the following reasons: dyspnea/peripheral edema/congestive heart failure (27%), cerebrovascular accident (13%), preoperative assessment (13%), coronary artery disease (9%), and others (38%).
Relation of indexed LA Vol max and LV diastolic function grade
The baseline clinical and echocardiographic characteristics are listed in Tables 
Relation of corrected emptying volumes and LV diastolic function grade
Discussion
The present study showed that indexed LA Vol max has a strong and graded relation to the LV diastolic function grade. In addition, we showed that in patients with Grade I diastolic dysfunction, the active emptying volume is increased compared with normal, reflecting a compensatory mechanism for the decreased passive and conduit volumes in order to preserve the total LA emptying volume. As the severity of LV diastolic dysfunction increases, this Impact of left ventricular diastolic dysfunction compensatory mechanism is lost as mechanical atrial dysfunction sets in resulting in a lower total LA emptying volume.
Indexed LA volume
Various methods of LA volume measurement have been described: the biplane or single plane area-length method, 14 the biplane or single plane Simpson's disc method, 15,16 the prolate-ellipsoid method, 17 and the elliptical model. 13 We used the elliptical method that does not require endocardial tracing. Instead, this method incorporates two short-axis and one long-axis measurement and has been previously validated. 13 Our mean indexed LA Vol max in the normal group was 16.3 mL/m 2 which is smaller than that reported previously. 5, 13, 15 Indexed LA Vol max and LV diastolic function grade
We found that LA remodelling is present in patients with LV diastolic dysfunction. Indexed LA Vol max has a strong and graded relation to the severity of LV diastolic function grade. In addition, it is also able to discriminate pseudonormal from normal LV diastolic filling patterns with a high degree of accuracy. The role of LA size as a marker of LV diastolic function is well-known, 18 -20 and accordingly, we found a strong relation between indexed LA Vol max and LV diastolic function grade. Tsang et al. 10 had previously also demonstrated that LA Vol max reflects the severity of LV diastolic dysfunction. During diastole, the LA is directly exposed to LV pressure, which increases with increasing severity of LV diastolic dysfunction. Consequently, LA pressure increases in order to maintain adequate LV filling. This causes an increase in LA wall tension, resulting in stretching and dilatation of the LA. Thus, LA volume probably reflects chronic exposure of the LA to abnormal LV diastolic function and the resultant increased LA filling pressure.
Corrected LA emptying volumes and LV diastolic function grade
In this study, we sought to determine the influence of LV diastolic dysfunction on LA emptying volumes during the different phases of diastole. We found that in patients with Grade I diastolic dysfunction, both corrected passive emptying and conduit volumes were lower than normal controls. These phases of atrial emptying occur during the earlier part diastole and are therefore directly influenced by abnormal LV relaxation. However, the corrected active emptying volume is increased compared with normal controls, reflecting a compensatory mechanism for the decreased passive and conduit volumes in order to preserve total LA emptying volume. On the other hand, in patients with Grade II and III diastolic dysfunction, all corrected emptying volumes were reduced compared with normal controls. This is because as the severity of LV diastolic dysfunction increases, LA filling pressure increases. Prolonged increase in LA pressure increases LA wall tension leading to LA dilatation and stretching of the LA myocardium. Eventually, LA mechanical dysfunction sets in resulting in a loss of 'LA compensation', and lower active emptying volume and therefore total emptying volume.
Study limitations
The limitations of our study include its relatively small size. The 'normal controls' are included on the basis of absence of a history of cardiovascular disease and a normal resting twodimensional echocardiogram. Stress tests were not performed to rule out occult coronary artery disease. We used previously published Doppler echocardiographic referenced standards to define the different grades of LV diastolic function. Cardiac catheterization was not performed to evaluate LV diastolic function. However, these reference standards were previously validated with cardiac catheterization and are widely accepted as standards for classification of LV diastolic function grade. The pulmonary vein method for diastolic function as originally described uses the VTI of S and D, not the peak velocities as in this study. The LA volume was estimated using the elliptical method rather than the biplane method of discs. The elliptical method uses an M-mode derived dimension that is limited from expansion by the spine and have all the disadvantages associated with M-mode border detection. This study does not take into account of effects of aging and hypertension on LA function. 21, 22 Newer techniques such as two-dimensional speckle tracking to define LA function were also not used.
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